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ABSTRACT
We have observed NGC 5194 (M51a) as part of the CHemical Abundances of Spirals (CHAOS)
project. Using the Multi Object Double Spectrographs (MODS) on the Large Binocular Telescope
(LBT) we are able to measure one or more of the temperature-sensitive auroral lines ([O iii] λ4363,
[N ii] λ5755, [S iii] λ6312) and thus measure “direct” gas-phase abundances in 29 individual Hii regions.
[O iii] λ4363 is only detected in two Hii regions both of which show indications of excitation by
shocks. We compare our data to previous direct abundances measured in NGC5194 and find excellent
agreement for all but one region (∆[log(O/H)] ≈ 0.04). We find no evidence of trends in Ar/O,
Ne/O, or S/O within NGC5194 or compared to other galaxies. We find modest negative gradients
in both O/H and N/O with very little scatter (σ ≤ 0.08 dex), most of which can be attributed to
random error and not to intrinsic dispersion. The gas-phase abundance gradient is consistent with the
gradients observed in other interacting galaxies, which tend to be shallower than gradients measured
in isolated galaxies. The N/O ratio (<log(N/O)> = −0.62) suggests secondary nitrogen production
is responsible for a significantly larger fraction of nitrogen (e.g., factor of 8-10) relative to primary
production mechanisms than predicted by theoretical models.
Subject headings: galaxies: individual (NGC 5194) — galaxies: ISM — ISM: lines and bands
1. INTRODUCTION
In the present epoch, the majority of current star for-
mation occurs in spiral galaxies. Spiral galaxies thus
provide the best laboratories for understanding the star
formation process and its effects upon the evolution of
a galaxy. In order to understand the chemical evolution
and nucleosynthesis that has occurred in spiral galax-
ies we must first measure the bulk abundance of metals
in these galaxies. While seemingly straightforward, it
is made challenging by the innate difficulty of measur-
ing the electron temperatures (Te) of Hii regions which
enable a direct determination of gas-phase abundances.
This difficulty is particularly noticeable in metal-rich
massive spiral galaxies where temperature-sensitive au-
roral lines are exceptionally weak (Stasin´ska 2005).
Notwithstanding the difficulties, metal rich galaxies
play a central role in the creation of heavy elements.
High quality observations of extragalactic Hii regions lo-
cated in massive spirals, i.e., metal rich environments,
have revealed significant discrepancies between the in-
direct measures of the gas-phase metallicity and oxygen
abundances based on direct measurements of Te (e.g.,
Kinkel & Rosa 1994; Pilyugin et al. 2010). In part, this
discrepancy may be attributed to fact that direct abun-
dances have been predominantly observed in metal poor
environments where the [O iii] λ4363 auroral line can be
more easily detected. This observational bias leads to
a less reliable calibration of indirect strong line abun-
dance calibrations as the data in this region of parame-
ter space are sparsely sampled and biased towards lower-
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metallicity regions (Moustakas et al. 2010).
Furthermore, the paucity of data renders us unable to
deduce the detailed chemical structure of massive galax-
ies. Indeed, sparsely sampled maps of gas-phase abun-
dances are unable to address the amount of dispersion
seen in metallicity at a given radius and may give an in-
accurate representative abundance at a given radius as
their slopes may be predominantly set by one or two Hii
regions which act as lever arms (e.g., Bresolin et al. 2004;
Berg et al. 2013).
Given (1) the inherent faintness of the auroral lines
necessary to determine an electron temperature, partic-
ularly at high metallicities where the far-IR lines begin
to dominate the cooling of Hii regions, and (2) the need
for large numbers of Hii regions with robust measure-
ments of Te, we have undertaken a large spectroscopic
study to definitively measure the CHemical Abundances
Of Spirals (CHAOS, see Berg et al. 2014). While the
galaxies selected for this study are well studied galaxies
(see Kennicutt et al. 2003, 2011), robust, high signal-to-
noise spectroscopic observations of Hii regions spanning
their disks are still lacking for many (see Moustakas et al.
2010). In this work we present spectral observations of
the nearby spiral NGC 5194 (also known as M51a, the
Whirlpool Galaxy).
As a massive interacting spiral galaxy (log(M⋆) ∼10.5,
Leroy et al. 2013), NGC 5194 has numerous Hii regions
with a relatively high oxygen abundance (12 + log(O/H)
≈ 8.8, Garnett et al. 2004; Bresolin et al. 2004). In
the expected range of oxygen abundances, the nomi-
nal temperature-sensitive line [O iii] λ4363 is not ex-
pected to be detected. Instead, the auroral [N ii] λ5755
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line which is more accessible in cooler, low-excitation
Hii regions can be observed. Garnett et al. (2004) and
Bresolin et al. (2004) showed this was indeed the case
by detecting the [N ii] λ5755 line in a total of 10 Hii
regions in NGC 5194. However, they found a metallic-
ity that was roughly a factor of three smaller than ex-
pected, an elevated N/O ratio compared to similar galax-
ies, and a shallow gradient compared to other large spi-
rals (Bresolin et al. 2004).
Given the implications for abundance gradients and
strong-line calibrations, we re-examine this quintessen-
tial metal-rich galaxy. In particular we seek to better
determine the abundance gradient. The slope found by
Bresolin et al. (2004) relies primarily on two lever points:
one in the interior of the galaxy (R/R25 ∼ 0.19 ) and one
in the outskirts (R/R25 ∼ 1.04). Accordingly, we have
observed Hii regions in NGC 5194 as part of CHAOS to
increase the number of auroral line detections, verify its
absolute metallicity and metallicity gradient, and inves-
tigate multiple means of determining the electron tem-
perature in metal-rich galaxies. Our observations and
and data reduction are described in §2. In §3 we deter-
mine electron temperatures and direct gas-phase chem-
ical abundances. We present abundance gradients for
O/H and N/O in §4. We discuss these abundance gra-
dients and the implications on chemical evolution in §5.
Finally, we summarize our conclusions in §6.
2. OBSERVATIONS
2.1. Optical Spectroscopy
Optical spectra of NGC 5194 were acquired with
the Multi-Object Double Spectrographs (MODS,
Pogge et al. 2010) on the Large Binocular Telescope
(LBT) as part of the CHAOS study during April 2012.
At the time of the observations, both spectrographs were
not available. Thus, we acquired all spectra of NGC 5194
using MODS1. We obtained simultaneous blue and red
spectra using the G400L (400 lines mm−1, R≈1850) and
G670L (250 lines mm−1, R≈2300) gratings, respectively.
This setup provided broad spectral coverage extending
from 3100 – 10,000 A˚. In order to detect the intrinsically
weak auroral lines, i.e., [N ii] λ5755 and [S iii] λ6312, in
numerous Hii regions, three fields, each containing ∼20
slits, were targeted with six 1200s exposures, for a total
integration time of 2-hours for each field. Given the
expected high metallicity of NGC 5194, and hence cool
temperatures, we did not expect to detect the [O iii]
λ4363 auroral line using these exposure times.
Figure 1 shows the locations of slits for each of the
three observed MODS fields. Throughout this work, all
locations are listed as offsets, in right ascension and dec-
lination, from the center of NGC 5194, as listed in Table
1. Slits were cut to lie close to the median parallactic
angle of the observing window in order to minimize light
loss due to atmospheric refraction. Our targeted regions
(see Table 2), as well as alignment stars, were selected
based on archival broad-band and Hα imaging from the
Hubble Space Telescope1. We cut most slits to be 10′′
long with a 1′′ slit width. Slits were placed on relatively
bright Hii regions across the entirety of the disk; this pro-
cedure ensured that both radial and azimuthal trends in
1 HST Project 10452, Cycle 13
TABLE 1
Adopted Global Properties of NGC 5194
Property Adopted Value Reference
R.A. 13h29m52.7s 1
Dec +47◦11m43s 1
Inclination 22◦ 2
Position Angle 172◦ 3
Distance 7.9 Mpc 1
R25 336.6′′ 4
Note. — Units of right ascension are hours, minutes, and seconds,
and units of declination are degrees, arcminutes, and arcseconds. Ref-
erences are as follows: [1] NED [2] Colombo et al. 2014 [3] Walter et
al. 2008 [4] RC3
the abundances could be studied. When extra space be-
tween slits was available, slits were extended to make the
best use of the available field of view. Line emission was
detected in all 61 slits cut in our masks.
For a detailed description of the data reduction pro-
cedures we refer the reader to Berg et al. (2014). Here
we will only note the key points of our data process-
ing. Spectra were reduced and analyzed using the Beta-
version of the MODS reduction pipeline2 which runs
within the XIDL3 reduction package. As no sky-only slits
were cut in these masks, a two-dimensional sky frame was
created by fitting a two-dimensional B-spline to the back-
ground sky in the two-dimensional spectra, i.e., each slit
Fig. 1.— Map of targeted Hii regions in NGC 5194 overlaid on an
HST Hα image. Offsets in arc seconds are relative to the galaxy
center given in Table 1. Slits targeting Hii regions in which we
were able to measure at least one temperature-sensitive auroral
line are circumscribed by squares. Field 1 slits are shown in red;
Field 2 slits are shown in blue; Field 3 slits are shown in magenta.
Dashed lines indicate regions in which indications of significant
shock ionization are present. A scale bar showing the size of 1000 pc
is shown in the lower left.
2 http://www.astronomy.ohio-state.edu/MODS/Software/modsIDL/
3 http://www.ucolick.org/∼xavier/IDL/
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TABLE 2
NGC 5194 MODS/LBT Observations
H ii R.A. Dec. Rg R/R25 Rg Auroral Line Detections Wolf
Region (2000) (2000) (arcsec) (kpc) [O iii] [N ii] [S iii] [O ii] [S ii] Rayet
Total Detections: 2 28 17 27 18 11
NGC5194+2.5+9.5 13:29:52.9 47:11:52.49 10.26 0.030 0.32 X X X X
NGC5194+1.1+19.8 13:29:52.8 47:12:02.76 20.23 0.060 0.64
NGC5194+0.2+20.2 13:29:52.7 47:12:03.18 20.59 0.061 0.65
NGC5194-6.9+20.8 13:29:52.0 47:12:03.76 22.35 0.066 0.70
NGC5194-18.5+13.7 13:29:50.9 47:11:56.65 24.29 0.072 0.77
NGC5194+19.7+15.0 13:29:54.6 47:11:58.04 26.38 0.078 0.83
NGC5194+27.2+3.6 13:29:55.4 47:11:46.57 29.54 0.088 0.93
NGC5194+21.3+19.6 13:29:54.8 47:12:02.64 30.70 0.091 0.97
NGC5194+30.2+2.2 13:29:55.7 47:11:45.24 32.56 0.097 1.03 X X X X X
NGC5194-27.9-18.1 13:29:50.0 47:11:24.91 35.33 0.105 1.11
NGC5194+16.3+30.8 13:29:54.3 47:12:13.81 36.09 0.107 1.14
NGC5194+17.7+30.2 13:29:54.4 47:12:13.20 36.32 0.108 1.14
NGC5194+4.1+56.5 13:29:53.1 47:12:39.54 57.26 0.170 1.80
NGC5194-4.3+63.3 13:29:52.3 47:12:46.34 63.91 0.190 2.01 X X X
NGC5194-33.2+58.0 13:29:49.4 47:12:40.96 67.95 0.202 2.14 X X X X
NGC5194+42.7-55.8 13:29:56.9 47:10:47.18 71.26 0.212 2.25
NGC5194+62.7-36.9 13:29:58.8 47:11:06.11 75.99 0.226 2.39
NGC5194-65.0+30.5 13:29:46.3 47:12:13.52 76.12 0.226 2.40
NGC5194-62.2+50.3 13:29:46.6 47:12:33.26 83.28 0.247 2.62 X X
NGC5194+75.5-28.7 13:30:00.1 47:11:14.29 85.39 0.254 2.69 X X
NGC5194+81.9-5.4 13:30:00.7 47:11:37.54 88.17 0.262 2.78
NGC5194+93.6+5.9 13:30:01.9 47:11:48.91 100.95 0.300 3.18
NGC5194-96.5-4.5 13:29:43.2 47:11:38.49 104.25 0.310 3.29
NGC5194+96.1+16.8 13:30:02.1 47:11:59.77 105.13 0.312 3.31 X X
NGC5194-98.9-52.8 13:29:43.0 47:10:50.18 119.88 0.356 3.78
NGC5194+91.0+69.0 13:30:01.6 47:12:52.00 121.24 0.360 3.82 X X X
NGC5194+83.6+82.0 13:30:00.9 47:13:05.02 123.35 0.366 3.89
NGC5194-110.3-31.3 13:29:41.9 47:11:11.68 123.56 0.367 3.89
NGC5194-86.5-79.4 13:29:44.2 47:10:23.58 123.57 0.367 3.89 X X X X
NGC5194-22.5+122.8 13:29:50.5 47:13:45.84 125.29 0.372 3.95 X
NGC5194+112.7+37.7 13:30:03.8 47:12:20.62 127.83 0.380 4.03 X X
NGC5194+76.6+96.3 13:30:00.2 47:13:19.25 128.39 0.381 4.05 X X X
NGC5194-97.0-78.4 13:29:43.2 47:10:24.55 131.92 0.392 4.16 X X
NGC5194-3.0+131.9 13:29:52.4 47:13:54.85 132.42 0.393 4.17 X X X X X
NGC5194-57.2+118.2 13:29:47.1 47:13:41.22 132.75 0.394 4.18 X X X X
NGC5194-78.9+107.4 13:29:45.0 47:13:30.42 136.07 0.404 4.29 X X
NGC5194-82.0-102.7 13:29:44.6 47:10:00.24 136.82 0.406 4.31 X X
NGC5194-59.0-121.4 13:29:46.9 47:09:41.63 138.07 0.410 4.35
NGC5194-60.0-121.3 13:29:46.8 47:09:41.65 138.54 0.412 4.37
NGC5194+77.5+108.4 13:30:00.3 47:13:31.43 138.59 0.412 4.37
NGC5194+12.0-140.7 13:29:53.9 47:09:22.28 140.87 0.419 4.44
NGC5194-66.6+122.9 13:29:46.2 47:13:45.87 141.56 0.421 4.46 X X X X X
NGC5194+13.3-141.3 13:29:54.0 47:09:21.69 141.56 0.421 4.46
NGC5194-129.7+28.3 13:29:40.0 47:12:11.25 142.14 0.422 4.48
NGC5194+56.8+126.5 13:29:58.3 47:13:49.52 142.17 0.422 4.48 X X
NGC5194+30.8+139.0 13:29:55.7 47:14:02.03 144.16 0.428 4.54 X X X X X
NGC5194+65.0+127.7 13:29:59.1 47:13:50.71 147.34 0.438 4.64
NGC5194+104.1-105.5 13:30:02.9 47:09:57.48 152.09 0.452 4.79 X X X X
NGC5194+92.3-118.5 13:30:01.7 47:09:44.50 152.83 0.454 4.82
NGC5194+98.1-113.8 13:30:02.3 47:09:49.18 153.39 0.456 4.83 X X X X X
NGC5194+146.4-6.7 13:30:07.1 47:11:36.29 157.51 0.468 4.96
NGC5194+71.2+135.9 13:29:59.7 47:13:58.87 157.89 0.469 4.98 X X X X
NGC5194+83.4-133.1 13:30:00.9 47:09:29.86 158.81 0.472 5.00 X X X X X
NGC5194+147.7-7.6 13:30:07.2 47:11:35.33 158.94 0.472 5.01
NGC5194+63.1-149.7 13:29:58.9 47:09:13.33 162.88 0.484 5.13
NGC5194+60.2+147.9 13:29:58.6 47:14:10.86 163.18 0.485 5.14
NGC5194+109.9-121.4 13:30:03.5 47:09:41.59 167.56 0.498 5.28 X X X X
NGC5194+112.2-126.6 13:30:03.7 47:09:36.40 172.95 0.514 5.45 X X
NGC5194+150.6+99.0 13:30:07.5 47:13:21.97 192.00 0.570 6.05 X X X X
NGC5194-159.5-116.4 13:29:37.0 47:09:46.50 209.56 0.623 6.60 X X X X
NGC5194+150.3+152.1 13:30:07.5 47:14:15.07 224.77 0.668 7.08 X X
NGC5194-135.4-181.4 13:29:39.4 47:08:41.50 235.20 0.699 7.41 X X X X
NGC5194+114.5+230.8 13:30:03.9 47:15:33.79 264.57 0.786 8.34 X X X
Note. — Observing logs for H ii regions observed in NGC 5194 using MODS on the LBT on the UT dates of April 29 and 30, 2012. Each
field was observed over an integrated exposure time of 1200s on clear nights, with, on average ∼1.′′00 seeing, and airmasses less than 1.5. Slit ID,
composed of the galaxy name and the offset in R.A. and Dec., in arcseconds, from the central position listed in Table 1 is listed in Column 1.
The right ascension and declination of the individual H II regions are given in units of hours, minutes, and seconds, and degrees, arcminutes, and
arcseconds respectively in columns 2 and 3. The de-projected distances of H ii regions from the center of the galaxy in arcseconds, fraction of R25,
and in kpc are listed in the Columns 4-6. Columns 7-11 highlight which regions have [O iii] λ4363, [N ii] λ5755, [S iii] λ6312, [O ii] 7330 auroral
lines detections at the 3σ significance level. Finally, columns 12 and 13 indicate which Hii regions have detections of the nebular Balmer continuum
jump and Wolf-Rayet features.
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was fit independently with a local sky. This sky model
was compared to the model for the two slits with the
largest sections of clean background sky-emission. When
oversubtraction of strong lines was un-avoidable using
a local sky, the representative sky spectrum was used.
One-dimensional spectra were corrected for atmospheric
extinction and flux calibrated based on observations of
flux standard stars (Bohlin 2010). At least one flux
standard was observed on each night science data were
obtained. An example of a flux-calibrated spectrum is
shown in Figure 2.
2.2. Spectral Modeling and Line Intensities
We provide detailed descriptions of the adopted contin-
uum modeling and line fitting procedures applied to the
CHAOS observations in Berg et al. (2014). In this pa-
per we will only highlight the fundamental components
of this process.
We model the underlying continuum of our MODS1
spectra using the STARLIGHT4 spectral synthesis
code (Cid Fernandes et al. 2005) using the models of
Bruzual & Charlot (2003). Allowing for an additional
faint nebular continuum we fit each emission line with a
Gaussian profile. We note that we have modeled blended
lines (H7, H8, and H11 – H14) in the Balmer series based
on the measurements of unblended Balmer lines and the
tabulated atomic ratios of Hummer & Storey (1987), as-
suming Case B recombination. As the [N ii] λ5755 line
is vital to this study and lies in the region where the
MODS dichroic can distort the shape of the continuum,
we measured the flux of this line by hand in each ex-
tracted spectrum rather than adopting the automated
fit to this line.
We correct the strength of emission features for line-of-
sight reddening using the relative intensities of the three
strongest Balmer lines (Hα/Hβ, Hα/Hγ, Hβ/Hγ). We
report the determined values of c(Hβ) in Table 3. We
do not apply an ad-hoc correction to account for Balmer
absorption as the lines were fit simultaneously with the
stellar population models.
We report reddening-corrected line intensities mea-
sured from Hii regions in the target fields in Table 3. The
uncertainty associated with each measurement is deter-
mined from measurements of the spectral variance, ex-
tracted from the two-dimensional variance image, uncer-
tainty associated with the flux calibration, Poisson noise
in the continuum, read noise, sky noise, flat fielding cal-
ibration error, error in continuum placement, and error
in the determination of the reddening. We note that at
the resolution of MODS, the [O ii] λλ3726; 3729 dou-
blet is blended for all observations, however, the profile
is clearly non-Gaussian in the majority of spectra. We
have modeled this doublet using two Gaussian profiles,
for use primarily as a sanity check of the [S II] density de-
termination. For all calculations aside from this density
check, we sum the flux in the [O ii] λλ3726; 3729 dou-
blet. We note that we include a 2% uncertainty based
on the precision of the adopted flux calibration standards
(Bohlin 2010, see discussion in Berg et al. 2014).
2.3. Diagnostic Diagrams
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We selected target Hii regions using Hα imaging,
which traces ionized gas. However, other objects be-
sides Hii regions can also produce Hα emission. No-
tably, Maddox et al. (2007) used the Very Large Array
to map and measure the spectral index in 107 compact
radio sources in NGC 5194. Several radio sources that
exhibit a steep spectral index, which is typical of su-
pernovae remnants, lie along the inner spiral arm where
some of our targeted Hii regions are found. Thus, to ver-
ify that we are measuring lines from photoionized Hii re-
gions, we plot standard diagnostic diagrams in Figure 3
(BPT, Baldwin, Phillips, & Terlevich 1981), [O iii]/Hβ
against [N ii]/Hα and [O iii]/Hβ against [O I]/Hα.
Hii regions from the current study are shown as black
points while the density plot and small grey points indi-
cate the locations of star forming galaxies presented in
Pilyugin et al. (2012) and star forming SDSS galaxies5
from the MPA-JHU catalog, respectively, in this diag-
nostic space. While most of the regions we observed do
indeed exhibit the expected properties of both photoion-
ization and the general locus of metal rich galaxies in
these diagnostic diagrams, line ratios observed in four
regions indicate possible signatures of shock ionization.
Four regions, +2.5+9.5, −6.9+20.8, +30.2+2.2, and
+13.3−141.3, have strong very strong [O I] emission that
is indicative of the presence of shock excitation causing
these regions to deviate from the locus of star forming
galaxies. We detect temperature-sensitive auroral lines
in two of these regions. This includes our only detections
of the [O iii] λ4636 line, which is normally detected in
hotter, metal-poor regions. Additionally, we detect Wolf-
Rayet features, which are preferentially seen in metal rich
regions (Massey & Olsen 2003; Bonanaos et al. 2010), in
one of these regions. These features indicate the pres-
ence of a hot component, despite the dominant appear-
ance of low-ionization features in these nebula (e.g., very
low [O iii] λ5007/Hβ). In two of these regions, in addi-
tion to strong [O I] emission we also detect strong [S ii]
and [N ii] emission which is characteristic of supernovae
remnants (Skillman 1985). Given the possible presence
of shocks, whether from supernovae or Wolf-Rayet star
winds, these regions cannot be interpreted as purely pho-
toionized Hii regions (Binette et al. 2012). We note that
Bresolin & Kennicutt (2002) found that the presence of
evolved massive stars does not significantly affect the ion-
izing radiation field of embedded star clusters. Given
that most regions in which we detect Wolf-Rayet features
(11 out of 12), do not show signs of shock excitation, the
shocks may have an alternate origin, but still indicate
extra sources of ionization. We have therefore excluded
these four regions from the primary abundance analysis;
however, given the relative insensitivity of the N/O ratio
to temperature, we include these regions in our anal-
ysis of N/O. We report the derived temperatures and
abundances for the two shock regions with auroral line
detections in Table 4.
3. GAS-PHASE ABUNDANCES
Elemental abundances can be determined from
emission line spectra given (1) the electron density
(ne), (2) the electron temperature (Te), and (3) a
correction factor for unobserved ionic states. When
5 Available at http://www.mpa-garching.mpg.de/SDSS/DR7/
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Fig. 2.— Example of a one dimensional spectrum taken from MODS1 observations of NGC 5194. Notable major emission features are
marked and labeled. The [N ii] λ5755 line in this spectrum is characterized by a signal-to-noise of ∼12, with a peak that is ∼67 greater
than the RMS noise. We have not corrected for major telluric absorption features, which are also marked in the spectrum.
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TABLE 3
Line fluxes relative to Hβ
Ion NGC5194+3.3+9.1 NGC5194+2.5+9.5 NGC5194+1.1+19.8 NGC5194+0.2+20.2 NGC5194-6.9+20.8
[O ii] λ3726 ≤ 0.0117 2.44±0.40 0.160±0.015 0.200±0.021 0.880±0.055
[O ii] λ3728 2.2779±0.9031 3.40±0.50 0.150±0.016 0.130±0.021 ≤ 0.0094
H13 λ3734 0.0062±0.0183 0.0052±0.0064 0.0243±0.0046 0.0224±0.0062 0.0086±0.0085
H12 λ3750 ≤ 0.130 ≤ 0.0072 ≤ 0.036 ≤ 0.048 ≤ 0.0089
H11 λ3770 ≤ 0.130 ≤ 0.0065 0.062±0.010 0.082±0.016 ≤ 0.072
H10 λ3797 ≤ 0.120 ≤ 0.041 0.0525±0.0098 0.047±0.013 ≤ 0.055
He I λ3819 ≤ 0.0102 ≤ 0.044 ≤ 0.0247 ≤ 0.040 ≤ 0.057
H9 λ3835 ≤ 0.140 0.0455±0.0153 0.080±0.010 0.120±0.015 ≤ 0.061
[Ne iii] λ3868 ≤ 0.120 0.410±0.061 ≤ 0.042 ≤ 0.110 0.200±0.022
He I λ3888 ≤ 0.170 0.170±0.031 0.0682±0.0092 0.120±0.015 0.098±0.021
H8 λ3889 0.0252±0.0750 0.0214±0.0263 0.100±0.019 0.089±0.025 0.0353±0.0350
He I λ3964 ≤ 0.110 0.100±0.022 ≤ 0.0046 ≤ 0.00179 ≤ 0.0068
[Ne iii] λ3967 0.1326±0.0617 0.190±0.031 ≤ 0.0046 0.120±0.013 ≤ 0.0067
H7 λ3970 0.0370±0.1102 0.0317±0.0388 0.150±0.028 0.130±0.036 0.0519±0.0516
[Ne iii] λ4011 ≤ 0.00277 ≤ 0.0038 ≤ 0.0033 ≤ 0.00118 0.0356±0.0077
He I λ4026 ≤ 0.00278 ≤ 0.0038 ≤ 0.0033 ≤ 0.00103 ≤ 0.0218
[S ii] λ4068 ≤ 0.0297 0.072±0.012 0.0215±0.0057 ≤ 0.0181 0.0305±0.0069
[S ii] λ4076 ≤ 0.00249 ≤ 0.0210 ≤ 0.0152 ≤ 0.0160 0.0331±0.0068
Hδ λ4101 0.0638±0.0256 0.120±0.017 0.230±0.012 0.290±0.015 0.250±0.013
He I λ4120 ≤ 0.00235 ≤ 0.00292 ≤ 0.00282 ≤ 0.0166 ≤ 0.0181
He I λ4143 ≤ 0.00269 ≤ 0.00287 ≤ 0.00276 ≤ 0.00098 ≤ 0.0169
Hγ λ4340 0.270±0.087 0.330±0.043 0.460±0.021 0.530±0.027 0.490±0.023
[O iii] λ4363 ≤ 0.00228 0.0478±0.0085 ≤ 0.0134 ≤ 0.0125 ≤ 0.0244
He I λ4387 ≤ 0.00223 ≤ 0.00277 ≤ 0.0115 ≤ 0.00095 ≤ 0.00269
He I λ4471 ≤ 0.00254 0.0332±0.0073 ≤ 0.00260 ≤ 0.0128 ≤ 0.0144
[Fe iii] λ4658 ≤ 0.0231 0.0217±0.0055 0.0137±0.0036 0.0151±0.0033 ≤ 0.00259
He II λ4685 ≤ 0.00205 0.0386±0.0065 ≤ 0.0098 ≤ 0.0103 ≤ 0.00247
Hβ λ4861 1.00±0.30 1.00±0.10 1.000±0.043 1.000±0.047 1.000±0.044
He I λ4921 ≤ 0.0050 ≤ 0.0047 ≤ 0.0035 ≤ 0.0128 ≤ 0.0039
[O iii] λ4958 0.260±0.073 0.590±0.066 0.0648±0.0053 0.0450±0.0043 0.1290±0.0080
[O iii] λ5006 0.50±0.10 1.46±0.20 0.1530±0.0083 0.1110±0.0066 0.360±0.017
He I λ5015 ≤ 0.044 ≤ 0.0207 ≤ 0.0155 ≤ 0.0124 0.0283±0.0063
NI λ5197 ≤ 0.038 0.280±0.031 0.0230±0.0042 0.0323±0.0041 0.0764±0.0064
O I λ5577 ≤ 0.046 ≤ 0.0262 ≤ 0.0241 ≤ 0.00274 ≤ 0.0077
[N ii] λ5754 ≤ 0.0186 0.0679±0.0074 ≤ 0.0070 ≤ 0.00093 ≤ 0.0090
He I λ5875 ≤ 0.00263 0.0773±0.0082 0.0403±0.0027 0.0618±0.0031 0.0816±0.0043
[O I] λ6300 ≤ 0.00244 0.270±0.026 ≤ 0.0057 0.0283±0.0019 0.1320±0.0055
[S iii] λ6312 ≤ 0.0121 ≤ 0.0064 ≤ 0.0058 ≤ 0.0044 ≤ 0.0070
[O I] λ6363 ≤ 0.00232 0.0707±0.0072 0.0073±0.0018 ≤ 0.0042 0.0294±0.0025
[N ii] λ6548 0.350±0.083 1.45±0.10 0.1760±0.0067 0.310±0.012 0.510±0.019
Hα λ6562 2.63±0.60 2.43±0.20 3.09±0.10 3.33±0.10 3.09±0.10
[N ii] λ6583 1.15±0.30 4.53±0.40 0.630±0.023 0.920±0.037 1.528±0.057
He I λ6678 ≤ 0.0099 0.0285±0.0034 0.0141±0.0017 0.0253±0.0016 0.0191±0.0021
[S ii] λ6716 0.250±0.060 0.960±0.092 0.1550±0.0059 0.1550±0.0062 0.430±0.016
[S ii] λ6730 0.200±0.048 0.740±0.070 0.1210±0.0047 0.1290±0.0052 0.360±0.013
He I λ7065 ≤ 0.0034 0.0089±0.0021 ≤ 0.00241 0.00448±0.00064 ≤ 0.0056
[Ar iii] λ7135 ≤ 0.0036 0.0369±0.0039 ≤ 0.00102 0.00720±0.00061 ≤ 0.0057
[Fe iii] λ7155 ≤ 0.00080 ≤ 0.0053 ≤ 0.00113 ≤ 0.00040 ≤ 0.00218
He I λ7281 ≤ 0.00080 ≤ 0.00198 ≤ 0.00102 ≤ 0.00040 ≤ 0.00217
[Ca ii] λ7291 ≤ 0.00080 ≤ 0.00198 ≤ 0.00102 ≤ 0.00040 ≤ 0.0056
[O ii] λ7319 ≤ 0.00080 0.0300±0.0033 ≤ 0.00113 ≤ 0.0039 0.0185±0.0059
[O ii] λ7330 ≤ 0.00080 0.0197±0.0026 0.00629±0.00086 0.00752±0.00087 ≤ 0.0175
[N iii] λ7378 ≤ 0.0032 0.0168±0.0024 ≤ 0.00250 ≤ 0.00154 0.0139±0.0019
[Ar iii] λ7751 ≤ 0.0078 0.0170±0.0024 0.0049±0.0016 0.01000±0.00087 0.0112±0.0011
P23 λ8392 ≤ 0.034 ≤ 0.0084 ≤ 0.0177 0.0197±0.0023 0.0367±0.0035
P22 λ346 ≤ 0.033 ≤ 0.0186 ≤ 0.0095 ≤ 0.0066 ≤ 0.0105
P21 λ8359 ≤ 0.036 ≤ 0.0199 ≤ 0.0096 ≤ 0.0060 ≤ 0.0105
P20 λ8374 ≤ 0.036 ≤ 0.0196 ≤ 0.0177 0.0077±0.0022 0.0107±0.0035
P19 λ8413 ≤ 0.034 ≤ 0.0090 ≤ 0.0178 0.0103±0.0021 0.0169±0.0034
P18 λ8437 ≤ 0.032 ≤ 0.0090 ≤ 0.0093 ≤ 0.00199 ≤ 0.0047
O I λ8446 ≤ 0.034 ≤ 0.0201 ≤ 0.0094 0.0115±0.0023 0.0158±0.0033
P17 λ8467 ≤ 0.034 ≤ 0.0087 ≤ 0.0099 ≤ 0.0060 ≤ 0.0096
P16 λ8502 ≤ 0.035 ≤ 0.0203 ≤ 0.0182 ≤ 0.00206 ≤ 0.0099
P15 λ8545 ≤ 0.036 ≤ 0.0206 ≤ 0.0104 ≤ 0.0062 ≤ 0.0100
P14 λ8598 ≤ 0.037 ≤ 0.0214 ≤ 0.0191 ≤ 0.0069 ≤ 0.0102
P13 λ8665 ≤ 0.037 ≤ 0.0203 ≤ 0.0192 0.0133±0.0022 0.0132±0.0038
N I λ8683 ≤ 0.037 ≤ 0.0218 ≤ 0.0193 ≤ 0.0069 ≤ 0.0113
P12 λ8750 ≤ 0.037 0.0321±0.0077 ≤ 0.0193 0.0091±0.0023 ≤ 0.0114
P11 λ8862 ≤ 0.036 0.0314±0.0076 ≤ 0.0188 0.0202±0.0025 0.0246±0.0040
P10 λ9015 ≤ 0.0205 0.0163±0.0042 0.0137±0.0032 0.0187±0.0019 0.0175±0.0035
[S iii] λ9068 ≤ 0.0223 0.0768±0.0081 0.0216±0.0034 0.1140±0.0045 0.0653±0.0044
P9 λ9229 ≤ 0.0201 ≤ 0.0123 0.0222±0.0038 0.0181±0.0020 0.0128±0.0042
[S iii] λ9530 ≤ 0.0131 0.097±0.013 0.0442±0.0067 0.1430±0.0066 0.0687±0.0082
P8 λ9546 ≤ 0.040 ≤ 0.035 0.0359±0.0075 0.0493±0.0061 0.044±0.013
CHβ 0.480±0.017 0.390±0.013 0.3860±0.0087 0.6910±0.0096 0.4530±0.0091
FHβ 57.09±0.80 205.4±2.5 170.0±1.5 156.1±1.4 125.9±1.1
EWHβ 16.5397 10.7871 21.9789 14.2089 12.5176
EWHα 90.4555 43.2975 204.974 106.304 62.5025
Note. — Full Table online only.
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Fig. 3.— Diagnostic BPT plots composed of star forming SDSS
galaxies (density plot), Hii regions from (Pilyugin et al. 2012) (grey
squares), and regions observed in NGC 5194. The dashed and solid
red lines demarcate the boundaries between star forming galaxies
and AGN as derived by Kauffmann et al. (2003) and Kewley et al.
(2006). Blue points denote Hii regions that display significant signs
of shock ionization, i.e., [O I] λ6300 > 1%, and are not included
in the abundance analysis. Uncertainties in the strong line ratios
measured from Hii regions in NGC 5194 are roughly the size of the
plotted data points when not visible.
TABLE 4
N/O in Shocked Regions in NGC 5194
NGC5194+2.5+9.5 NGC5194+30.2+2.2
T[O ii] measured (K) 6880±340 8740±150
T[O iii] measured (K) 19000±2100 22100±2000
T[N ii] measured (K) 10300±550 9100±210
T[S iii] measured (K) . . . 7550±660
n(e)measured (cm−3) 110±130 362±44
T[O ii]used (K) 10300±550 9100±210
n(e) adopted (cm−3) 109.±132. 362.±44.
O+/H+ (105) 19.3±2.9 9.36±0.50
N+/H+ (106) 77.2±7.3 33.3±1.1
log(N/O) (dex) -0.400±0.077 -0.450±0.029
Note. — Regions showing signs of shock ionization.
auroral lines are detected, we follow the methodology
of Osterbrock & Ferland (2006), utilizing the fact that
these lines, paired with their stronger ionic counter-
parts, are very sensitive to electron temperature. If Te
cannot be directly calculated then abundances must
be derived using less precise indirect methods, wherein
measurements of the strong-lines have been calibrated
either empirically or via photoionization modeling (e.g.,
Edmunds & Pagel 1984). In calculating temperatures
and abundances we have adopted the atomic data
presented Berg et al. (2014).
3.1. Direct Abundances
We use the [S ii] λ6717/6731 line ratio to determine
ne in each region as these lines are both relatively strong
and well separated. Most Hii regions in this study, 43 out
of 59, have an [S ii] ratio that lies within the low-density
regime [I(λ6717)/I(λ6731) > 1.35]. For these regions we
adopt an ne of 100 cm
−3. For the remaining 16 regions we
calculate electron densities using a five level atom code
based on FIVEL (De Robertis et al. 1987), see Table 5.
Although these regions have a [S ii] ratio that falls below
the selected limit, they are still lie in the low-density
regime as the highest density determined is 227 cm−3.
As NGC 5194 is generally metal rich, we do not de-
tect the most common temperature-sensitive line, [O iii]
λ4363. While we can place upper limits on the flux of
this line, given the strong dependence on temperature
in this regime, those limits do not translate into useful
limits on gas-phase abundances. Rather, we focus on the
[N ii] λ5755 and [S iii] λ6312 auroral lines. We only use
the most reliable spectra and require the auroral lines
to have an amplitude greater than three times the rms
noise measured in the local continuum. We also ensured
the presence of a robustly measurable line via visual in-
spection of the spectra. From our sample of 59 observed
Hii regions, we detect [N ii] λ5755 in 26 regions and [S iii]
λ6312 in 17 regions. We note that 15 of the regions where
we detect [S iii] λ6312 we also detect [N ii] λ5755 (see Ta-
ble 2), for a total of 28 Hii regions with [S iii] or [N ii]
auroral line detections.
We represent the temperature structure of an Hii re-
gion with a three-zone model wherein each zone is char-
acterized by a different Te. We adopt for the ionization
stages represented in each zone: [O ii], [N ii], [S ii] in the
8 Croxall et al.
TABLE 5
Abundances in NGC 5194
NGC5194-4.3+63.3 NGC5194-33.2+58.0 NGC5194-62.2+50.3 NGC5194+75.5-28.7 NGC5194-98.9-52.8
T[O ii]measured (K) 8360±710 7330±480 8020±390 7890±520 6780±660
T[O iii]measured (K) . . . . . . . . . . . . . . .
T[N ii]measured (K) 5700±320 5740±390 6380±430. . . 5980±260
T[S iii]measured (K) . . . . . . . . . 5630±560 . . .
n(e)measured (cm−3) 124±41 153±44 78±33 106±40 43±34
T[O ii]used (K) 5700±320 5740±390 6380±430 6320±450 5980±260
T[O iii]used (K) 3810±470 3870±580 4810±640 4740±670 4230±380
T[N ii]used (K) 5700±320 5740±390 6380±430 6320±450 5980±260
T[S iii]used (K) 4870±390 4910±480 5700±530 5630±560 5210±320
n(e)adopted (cm−3) 124.±41. 153.±44. 100.±100. 106.±40. 100.±100.
O+/H+ (105) 27.4±5.2 36.7±8.4 32.7±6.6 28.7±6.2 34.1±5.2
O++/H+ (105) 41±20 32±19 20.3±8.4 20.3±9.2 21.5±6.9
12 + log(O/H) (dex) 8.84±0.10 8.84±0.10 8.724±0.088 8.691±0.098 8.745±0.067
N+/H+ (106) 101±11 155±21 94±12 95±12 108.2±9.2
N ICF 2.50±0.90 1.88±0.70 1.62±0.50 1.71±0.50 1.63±0.40
log(N/O) (dex) -0.430±0.095 -0.40±0.10 -0.50±0.10 -0.50±0.10 -0.500±0.076
12 + log(N/H) (dex) 8.40±0.20 8.46±0.20 8.18±0.10 8.21±0.10 8.25±0.10
S+/H+ (107) 69.1±7.5 64.0±8.3 39.1±4.6 46.9±5.9 43.5±3.6
S++/H+ (107) 39.2±5.7 115±19 54.4±8.2 79±12 109±11
S ICF 1.26±0.10 1.19±0.10 1.14±0.10 1.16±0.10 1.14±0.10
log(S/O) (dex) -1.70±0.10 -1.51±0.10 -1.70±0.10 -1.53±0.10 -1.504±0.087
12 + log(S/H) (dex) 7.133±0.058 7.326±0.067 7.027±0.062 7.164±0.063 7.241±0.054
Ne++/H+ (106) . . . . . . . . . . . . . . .
Ne ICF 1.66±1.00 2.1±1.4 2.6±1.2 2.4±1.2 2.58±0.90
log(Ne/O) (dex) . . . . . . . . . . . . . . .
12 + log(Ne/H) (dex) . . . . . . . . . . . . . . .
Ar++/H+ (107) 4.9±1.3 16.0±3.3 19.0±3.4 9.3±1.9 14.0±2.0
Ar ICF 1.46±0.10 1.48±0.10 1.62±0.20 1.55±0.20 1.61±0.20
log(Ar/O) (dex) -2.98±0.20 -2.46±0.20 -2.24±0.10 -2.53±0.10 -2.39±0.10
12 + log(Ar/H) (dex) 5.85±0.10 6.37±0.10 6.487±0.089 6.159±0.098 6.353±0.076
Note. — Full Table online only.
low-ionization zone; [S iii], [Ar iii] in the intermediate-
ionization zone; and [O iii], [Ne iii] in the high-ionization
zone. When both [N ii] λ5755 and [S iii] λ6312 are de-
tected in a single Hii region we adopt the derived tem-
peratures for their respective zones. To calculate the
temperature of the high ionization zone, or the temper-
ature of either the intermediate or low zone when only a
single auroral line is detected, we use the scaling relations
of Garnett (1992):
T[N II] = T[O II] = T[S II] =0.70T[O III] + 3000K (1)
T[S III] =0.83T[O III] + 1700K. (2)
We note that the relation derived between T[N ii] and
T[O iii] by Pilyugin et al. (2009) is similar to the rela-
tion between these two temperatures derived by Garnett
(1992). The selection of one relation or another does not
significantly alter our results. Measured temperatures
and the adopted temperatures are reported in Table 5.
To check the validity of the adopted scaling relations,
we show the relationship between T[N ii] and T[S iii]
in Figure 4 along with Equation 2 (red dashed line).
We find an excellent agreement between our T[S iii] and
T[N ii] values with the scaling relationship of G92 (as
has been previously observed by Kennicutt et al. 2003).
Additionally, Bresolin et al. (2004) present independent
T[N ii] determinations for eight Hii regions in common
with our sample. We find good agreement for all but one
region with a mean offset of ∆T∼ −10K, which is sta-
tistically negligible given the scatter. In the discrepant
region, +83.4−133.1 / CCM57, we measure T[N ii] to be
∼ 600 K smaller than Bresolin et al. (2004). Compar-
ing our directly determined T[S iii] with Bresolin et al.
(2004) yields an offset that is slightly larger than the off-
set seen in T[N ii], ∼ −300K, but still consistent within
the errors. Data from Bresolin et al. (2004) for which
both T[N ii] and T[S iii] are measured are also shown in
Figure 4 as open brown diamonds.
In addition to the [N ii] λ5755 and [S iii] λ6312 auroral
lines, we detect [O ii] λ7319,7330 and [S ii] λ4068,4076
in several regions (see Table 2). Given that these weak
doublets both lie on top of stellar absorption features,
their fitted line strengths are highly dependent on the
model stellar continuum. Furthermore, the [O ii] dou-
blet is complicated by sky-subtraction as it lies just in-
side the blue-end of strong OH Meinel band emission.
Nevertheless, we report temperatures determined from
these lines in Table 5. In general, temperatures de-
rived from the [O ii] lines are consistent with the cool
temperatures found using both [N ii] λ5755 and [S iii]
λ6312, but do show large scatter, similar to the findings
of Kennicutt et al. (2003). On the other hand, the tem-
peratures we derive using the [S ii] lines are biased to
higher temperatures compared to both [N ii] λ5755 and
[S iii] λ6312 and show significant scatter. Thus, we adopt
temperatures derived from [N ii] λ5755 and [S iii] λ6312
except in the one Hii region where the [O ii] doublet was
the only temperature-sensitive feature detected.
Hii regions where we do not robustly detect an auroral
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Fig. 4.— Relationship between T[N ii] and T[S iii] (Top), T[N ii]
and T[O ii] (middle), T[N ii] and T[S ii] (Bottom) measured for Hii
regions in NGC 5194. The model predictions from Garnett (1992)
are drawn as a dashed line. Open brown diamonds in the top panel
are from Bresolin et al. (2004)
line are spread throughout the disk of NGC 5194. There
is, however, a clustering of Hii regions at radii of 0.06 <
R/R25 < 0.11 that that all lie on the north-side of the
nucleus of NGC 5194. These regions lie interior to all re-
gions where we measured auroral lines, excluding two ob-
jects with unusually strong [O I] emission. We combined
the one-dimensional spectra from these nine regions to
create an average spectrum of these inner Hii regions.
Notwithstanding the high signal-to-noise combined spec-
trum6, we only marginally detect [N ii] λ5755 and do not
detect [S iii] λ6312. This measurement is complicated
by the presence of the stellar bulge of NGC 5194. This
old stellar population exhibits an absorption feature un-
derneath [N ii] λ5755. Thus, a direct abundance from
this line is strongly coupled to the adopted stellar con-
tinuum model. Furthermore, as these Hii regions are
quite metal rich, they are consistent with a very cool
temperature, T[N II] ≈ 5700 K, where the temperature-
sensitive [N ii] ratio, I(λ5755)/[I(λ6548) + I(λ6583)], is
sensitive to small changes in temperature. While our di-
rect abundance determination from this composite spec-
trum is less certain due to the complications in measuring
[N ii] λ5755, we include it in our analysis as it provides a
constraint on the oxygen abundance in the inner portion
of the galaxy.
While emission lines are measured for all dominant ion-
ization states of oxygen, derivation of abundances for
other elements requires us to account for the presence
of unobserved ionization states. Nitrogen abundances
were derived under the assumption N/O = N+/O+; neon
abundances were derived under the assumption Ne/O =
Ne++/O++ (Peimbert & Costero 1969). In the cases of
both sulfur and argon, we adopt the analytical ioniza-
tion correction factors of Thuan et al. (1995), based on
the photoionization modeling of Stasin´ska (1990). We
report all ionization correction factors and abundance
ratios in Table 5.
3.2. Strong-Line Abundances
While the absolute calibration of strong-line abun-
dances are uncertain (Kewley & Ellison 2008), relative
abundances which depend on ionic ratios which are less
sensitive to Te can still be robustly determined in Hii re-
gions where the auroral lines are not detected. While a
full analysis of all strong line methods will be deferred to
a future paper with the full CHAOS dataset7, we employ
a semi-empirical approach (van Zee et al. 1997) where an
electron temperature consistent with an adopted strong-
line oxygen abundance is used to calculate the relative
N/O abundance ratio. We emphasize that this ratio is in-
sensitive to changes in temperature because the temper-
ature sensitivities between N+ and O+ are very similar.
We report the N/O values, and the assumed temperature
and density in Table 6.
3.3. Comparison with Previous Work
Previous direct abundances were determined for
NGC 5194 by Bresolin et al. (2004), who detected [N ii]
λ5755 in 10 regions, eight of which were included in the
6 This is equivalent to an 18 hour exposure on an 8.3m telescope.
7 We prefer to undertake this with the a more complete sample
from the CHAOS project so that we can thoroughly cover the full
abundance range, rather than only the metal rich end.
10 Croxall et al.
TABLE 6
N/O in NGC 5194
n(e)measured (cm−3) n(e)adopted (cm−3) T[N ii]adopted (K) log(N/O) (dex)
NGC5194+1.1+19.8 123±59 123.±59. 6200±1000 -0.50±0.20
NGC5194+0.2+20.2 212±70 212.±70. 6000±1000 -0.30±0.20
NGC5194-6.9+20.8 213±67 213.±67. 7000±1000 -0.50±0.20
NGC5194-18.5+13.7 101±53 101.±53. 6000±1000 -0.50±0.20
NGC5194+19.7+15.0 119±51 119.±51. 5900±1000 -0.50±0.20
NGC5194+27.2+3.6 150±41 150.±41. 5900±1000 -0.30±0.20
NGC5194+21.3+19.6 89±46 100.±100. 5600±1000 -0.20±0.20
NGC5194-27.9-18.1 132±44 132.±44. 5900±1000 -0.40±0.20
NGC5194+16.3+30.8 157±60 157.±60. 5800±1000 -0.50±0.20
NGC5194+17.7+30.2 110±44 110.±44. 5600±1000 -0.40±0.20
NGC5194+4.1+56.5 91±56 100.±100. 5600±1000 -0.30±0.20
NGC5194+42.7-55.8 68±47 100.±100. 6400±1000 -0.60±0.20
NGC5194+62.7-36.9 7.0±50 100.±100. 6200±1000 -0.40±0.20
NGC5194-65.0+30.5 49±50 100.±100. 6400±1000 -0.70±0.20
NGC5194+81.9-5.4 99±52 100.±100. 6000±1000 -0.50±0.20
NGC5194+93.6+5.9 83±56 100.±100. 6200±1000 -0.50±0.20
NGC5194-96.5-4.5 46±27 100.±100. 6100±1000 -0.60±0.20
NGC5194+96.1+16.8 33±38 100.±100. 5900±1000 -0.60±0.20
NGC5194+83.6+82.0 43±42 100.±100. 5800±1000 -0.50±0.20
NGC5194-110.3-31.3 37±28 100.±100. 5900±1000 -0.60±0.20
NGC5194-59.0-121.4 53±33 100.±100. 6200±1000 -0.60±0.20
NGC5194-60.0-121.3 56±45 100.±100. 6400±1000 -0.70±0.20
NGC5194+77.5+108.4 43±44 100.±100. 6700±1000 -0.60±0.20
NGC5194+12.0-140.7 33±48 100.±100. 6800±1000 -0.70±0.20
NGC5194+13.3-141.3 20±100 100.±100. 8100±1000 -0.60±0.20
NGC5194-129.7+28.3 29±57 100.±100. 6900±1000 -0.80±0.20
NGC5194+65.0+127.7 3.0±30 100.±100. 6500±1000 -0.60±0.20
NGC5194+92.3-118.5 29±45 100.±100. 6300±1000 -0.70±0.20
NGC5194+146.4-6.7 31±38 100.±100. 6800±1000 -0.70±0.20
NGC5194+147.7-7.6 34±44 100.±100. 7200±1000 -0.70±0.20
NGC5194+63.1-149.7 51±48 100.±100. 7000±1000 -0.70±0.20
Note. — N/O abundances for regions where no auroral lines were measured. This ratio is insensitive to the temperature adopted, nevertheless
we report the adopted semi-empirical temperature.
CHAOS masks, using the Low Resolution Imaging Spec-
trometer on Keck (Oke et al. 1995). We matched the Hii
regions based on Figure 1 of Bresolin et al. (2004) which
labels each targeted region on a map of NGC 5194. As
we have adopted a slightly different optical radius (∆R25
= 12′′) we compared the resulting radial locations in
Table 7. Our deprojection of NGC 5194 yields signifi-
cantly different radii for two Hii regions, −135.4−181.4
and −86.5−79.4. Given that NGC5194 has a nearly
face-on orientation we visually inspected these locations
relative to both our adopted optical R25 and that of
Bresolin et al. (2004). We find that our adopted radii are
consistent with circular apertures scaled by the appropri-
ate radius. Residual differences are easily accounted for
by projecting the apertures using an inclination angle of
22◦ (see Table 1).
In general, we find very good agreement between the
derived abundances from Bresolin et al. (2004) and those
presented in this work. In the N/O and S/O ratios,
which are less sensitive to temperature, we find a mean
offset of −0.02 dex and 0.06 dex, respectively, both of
which are within the scatter of 0.10 dex measured in each
of these ratios. Regarding the more temperature sen-
sitive absolute oxygen abundance, on average we find
slightly higher abundances (by 0.05 dex) for these com-
mon regions. Most abundance discrepancies (6 of 8) are
well within the stated 1σ errors and are not significant
(< 0.05 dex); of the two regions showing discrepancies
greater than 1σ, one is consistent within two standard
deviations. In contrast, the earlier photoionization mod-
eling of Diaz et al. (1991), with whom we have two re-
gions in common, indicated significantly higher oxygen
abundances (∼0.5 dex) and correspondingly lower N/O
(∼0.3 dex) and S/O (∼0.4 dex) ratios.
In only one Hii region, −159.5-116.4, we do find a sig-
nificant discrepancy of 0.2 dex. This region is part of
an Hii complex in the south-eastern arm of NGC 5194
consisting of three additional Hii regions that were (1)
observed by both Bresolin et al. (2004) and this project
(+104.1-105.5, +98.1-113.8, and +83.4-133.1) and (2)
have significant detections of the [N ii] λ5755 line in both
studies. In each these Hii regions, our measured oxy-
gen abundance agrees with the abundance reported in
Bresolin et al. (2004) to within 0.03 dex, suggesting that
there are not systematic differences in our analysis. We
find that these four neighboring Hii regions all have simi-
lar chemical composition (i.e., 8.5<12+ log(O/H)< 8.6)
as would be expected for a ISM that is well mixed. In
contrast, Bresolin et al. (2004) find an oxygen abundance
of 8.40 for -159.5-116.4.
4. RESULTS
We have calculated the deprojected distance from the
galaxy center in units of the isophotal radius, R25, us-
ing the parameters given in Table 1. We plot the radial
abundance gradient of O/H and N/O in Figure 5. Our
direct abundances span the disk from R/R25 ∼0.2 to
R/R25 ∼0.8, with a substantial fraction of the data con-
centrated in the bright star-forming arms at R/R25 ∼0.4
(17 out of 29). We have also included direct abundances
reported by Bresolin et al. (2004). To be consistent, we
have deprojected the distance to each of these Hii regions
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TABLE 7
Comparison with Previous Observations
Hii Region Name R/R25 R23a [N ii]/Hβb EWHβ [A˚] T[N ii] [K] 12+log(O/H) log(N/O) log(S/O)
NGC5194+71.2+135.9 0.47 128.1 0.51 45 6774 8.58 -0.62 -1.61
CCM 10 0.59 142.5 0.50 51 6900 8.56 -0.66 -1.54
NGC5194+104.1-105.5 0.45 171.6 0.59 124 7029 8.63 -0.65 -1.46
CCM 53 0.51 174.1 0.54 92 6900 8.66 -0.63 -1.63
NGC5194+109.9-121.4 0.50 189.8 0.74 131 7389 8.52 -0.59 -1.35
CCM 54 0.56 170.7 0.65 144 7300 8.49 -0.53 -1.52
NGC5194+98.1-113.8 0.46 114.9 0.48 88 6642 8.63 -0.55 -1.41
CCM 55 0.51 103.7 0.43 74 6600 8.60 -0.49 -1.44
NGC5194+83.4-133.1 0.47 134.2 0.58 183 6788 8.60 -0.58 -1.43
CCM 57 0.51 135.6 0.68 155 7400 8.40 -0.54 -1.50
NGC5194-135.4-181.4 0.70 274.6 0.68 144 7622 8.59 -0.80 -1.51
CCM 71A 1.04 209.2 0.79 96 7700 8.45 -0.62 -1.58
NGC5194-86.5-79.4 0.37 63.4 0.31 51 6092 8.66 -0.48 -1.47
CCM 72 0.51 72.0 0.28 61 6100 8.71 -0.63 -1.56
NGC5194-4.3+63.3 0.19 39.5 0.18 52 5704 8.84 -0.43 -1.70
P203 0.19 38.6 0.15 47 5600 8.84 -0.46 -1.61
Note. — Eight Hii regions are in common between Bresolin et al. (2004) and our new observations. Results from this work are listed above the
Bresolin et al. (2004) results for the same Hii region. For each Hii region we give the name used in this paper, NGC5194 followed by the offset from
the galaxy center given in Table 1 and the name adopted by Bresolin et al. (2004), CCM# or P203. Fluxes are given in units of Hβ=100.
a R23 = ([O ii] λ3727 + [O iii] λ4959 + [O iii] λ5007)/Hβ
b [N ii] ≡ λ5755.
using the same parameters. We fit an error-weighted
linear regression to these trends using the MPFITEX
(Williams et al. 2010) routine in IDL8. The linear regres-
sion to our direct abundance determinations are given as:
12+log(O/H) =
8.748(±0.049)− 0.20(±0.10) (R/R25)
8.747(±0.048)− 0.0161(±0.0079) (R/kpc) ,
(3)
and
log(N/O) =
−0.280(±0.063)− 0.80(±0.10) (R/R25)
−0.280(±0.063)− 0.058(±0.011) (R/kpc) .
(4)
These trends are plotted as a solid lines in Figure 5.
5. DISCUSSION
5.1. Dispersions
The regression fits from equations (3) and (5) indi-
cate the central O/H abundance is roughly solar or pos-
sibly slightly super-solar by 10 – 30%, depending on the
adopted solar oxygen abundance (12 + log(O/H)⊙ =
8.69 – 8.78, Asplund et al. 2009; Ayres et al. 2013). The
gradient hash a relatively shallow gradient with a slope
of 0.02 dex/kpc, using only direct abundances, in good
agreement with the gradient from Bresolin et al. (2004)
(see Figure 5). Furthermore, given the dense radial cov-
erage and the lack of a break in the N/O radial trend
we can rule out the existence of a significantly steeper
gradient in the region of the central bulge of NGC 5194.
We find relatively little scatter in the O/H radial abun-
dance trend, 0.066 dex. We allowed the intrinsic scatter
to be a free parameter and find a limit of 0.022dex for
the intrinsic scatter in the O/H gradient, suggesting that
only ∼30% of the reported scatter could be intrinsic.
Similarly, we find very little scatter about the N/O
gradient, 0.083 dex, with the intrinsic scatter limited to
8 MPFITEXY is dependent on the MPFIT package (Markwardt
2009).
0.042dex. As the N/O ratio is both less sensitive to
changes Te and has a larger dispersion, we interpret the
these data limit the maximum possible azmuthal abun-
dance variations to 0.042dex which could account for up
to half the scatter.
The scatter in the abundance gradient is well be-
low the possible intrinsic scatter reported by Berg et al.
(2014) and Rosolowsky & Simon (2008), who find intrin-
sic dispersions of 0.13dex and 0.11dex in their stud-
ies of NGC628 and M33, respectively. The analysis of
Berg et al. (2014) suggest that some of this dispersion
may originate from temperature abnormalities that cause
the [O iii]λ4363 auroral line to be unreliable. We find
it intriguing that the dispersion is not detected in this
study where the [O iii]λ4363 is not detected. Indeed, the
only two regions where we detect this line are unusual
in that the T([O iii]) is quite hot relative to T([N ii])
(see Table 4). These regions also show signs of possible
shock-ionization, which is one possible mechanism sug-
gested for these temperature abnormalities (Berg et al.
2014; Binette et al. 2012).
5.2. Gradients
Interactions between galaxies can increase radial
mixing in the ISM and thus decrease the abun-
dance gradients. Such shallow gradients were ob-
served in barred galaxies by Martin & Roy (1994).
This was supported by the recent work of Rosa et al.
(2014) and Sa´nchez et al. (2014) who found evidence
that merging and interacting systems exhibit shal-
low gradients compared to isolated spiral galaxies
such as NGC300 (−0.43±0.06dex/R/R25 Bresolin et al.
2009a) and NGC5457 (M101, −1.02±0.10dex/R/R0
Kennicutt et al. 2003). Compared to these systems, we
find NGC5194 also exhibits a shallow gradient (−0.20
±0.10dex/R/R25). This may indeed result from interac-
tions of NGC 5194 with its nearby companion NGC5195
as metal-enriched gas could have been mixed into the
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Fig. 5.— Radial abundance gradient in NGC 5194. Filled points are direct abundances: black circles indicate abundances from this work;
brown diamonds are direct abundances from Bresolin et al. (2004). We plot the O/H and N/O abundance gradients we derive from direct
abundance determinations as solid lines. We plot Hii regions where auroral lines are not detected on the N/O gradient, as this quantity is
relatively insensitive to the electron temperature, to illustrate the extension of this trend toward the inner regions of NGC5194. We denote
the four regions with excessve [O I] emission by blue triangles. We also plot the gradient found by Bresolin et al. (2004) as a dashed line.
For presentation, we have slightly shifted the radius of the inner most Hii region from Bresolin et al. (2004) so that it was visible.
disk of NGC 5194 during the recent interaction which
also served to ignite star formation (e.g., Ellison et a.
2013). Our derived slope in the O/H gradient of −0.20
dex/(R/R25) falls in the parameter space occupied by
interacting systems (Rosa et al. 2014). One may expect
that gas in the outskirts of NGC 5194 would be more sig-
nificantly affected by dynamical interactions. While we
do not detect any flattening of the abundance gradients
in the outskirts of the disk of NGC 5194, we do not con-
sider this to be highly constraining as our observations
only extend out to R/R25 ≈ 0.8, well within the optical
radius.
5.3. Relative abundances and Chemical Evolution
We plot N/O, S/O, Ne/O, and Ar/O as a function of
O/H in Figure 6. The S/O, Ar/O, and Ne/O ratios are
consistent with the constant values observed in massive
and low mass star-forming galaxies (Croxall et al. 2009;
Bresolin et al. 2005). We note that the most metal rich
Hii regions (12 + log(O/H) & 8.75) appear to exhibit
slightly depressed Ar/O and S/O ratios. Rather than in-
dicating a real change in the relative abundances of these
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Fig. 6.— Relative enrichment of nitrogen and the α elements. Light grey circles represent direct abundances taken from Bresolin et al.
(2005), Bresolin et al. (2009a), Bresolin et al. (2009b), (Croxall et al. 2009), Esteban et al. (2009), Kennicutt et al. (2003), Peimbert et al.
(2005), Testor (2001), Testor et al. (2003), and Zurita & Bresolin (2012); open brown diamonds are taken from Bresolin et al. (2004). In
the three lower panels, the dashed line in each panel denotes the mean value for our observations of NGC 5194. (Top – Bottom) log (N/O)
as a function of oxygen abundance. The solid line designates the theoretical curve of Vila-Costas & Edmunds (1992), the black dotted line
is the empirical linear fit to galaxies from Pilyugin et al. (2010), the red dot-dash curve is the quadratic fit from Pilyugin et al. (2010); log
(Ne/O) as a function of oxygen abundance; log (S/O) as a function of oxygen abundance; log (Ar/O) as a function of oxygen abundance.
α-elements, this is most likely a systematic effect caused
by complexities of ionization correction factors in low ex-
citation Hii regions (Stasin´ska et al. 2001). This conclu-
sion is strengthened by the fact that we find both (S+ +
S++)/(O+ + O++) and (Ar++)/(S++) are low in these
cool Hii regions. We confirm that the N/O is slightly
elevated compared to other metal-rich galaxies, consis-
tent with increased secondary production of nitrogen at
higher O/H. This overabundance of nitrogen relative to
oxygen has been attributed to differing star formation
histories (e.g., Henry et al. 2000).
Similar to the findings of other studies of spiral galax-
ies (e.g., Kennicutt et al. 2003), but in contrast with
Bresolin et al. (2004), we find a steeper gradient in the
N/O ratio, with a slope of 0.057 dex/kpc using only di-
rect abundances and 0.05 dex/kpc using all Hii regions.
While N/O is higher than the expected theoretical re-
lation of Vila-Costas & Edmunds (1992), it is consistent
with empirical predictions of N/O based on other nearby
spiral galaxies, see Figure 6. This could also be evi-
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dence of a much steeper rise in N/O as a function of oxy-
gen abundance (Henry et al. 2000) relative to the predic-
tions of Vila-Costas & Edmunds (1992). Although the
observed excess in N/O is occurring at a different metal-
licity than predicted, this is likely due to the adopted
metallicity scale. Indeed, if we adopt calibrations based
purely on photoionization models (Kobulnicky & Kewley
2004), rather than direct temperatures, we obtain higher
oxygen abundances (<12 + log(O/H)KK04 > = 9.17),
with a more compressed scale similar to what is seen by
Henry et al. (2000).
Another possibility is that massive Wolf-Rayet stars
have selectively enhanced the nitrogen present in the ISM
of NGC 5194 (Kobulnicky et al. 1997). In Table 2, we
note regions where in the broad Wolf-Rayet features lo-
cated near λ4660 A˚ have been detected. Although signif-
icant detections of these broad features are noted in only
12 apertures, hints of these features appear in several ad-
ditional apertures. This indicates the presence of large
numbers of these objects, even if only in small numbers,
typically 1–2, for a given Hii region (Schaerer & Vacca
1998). Regardless of the mechanism, it is clear that sec-
ondary production of nitrogen is dominant in NGC 5194
as the average N/O ratio is larger than the nominal value
of primary production (log(N/O) ∼ −1.5) by a factor of
7.5.
Our measurements of the S/O ratio do not yield a
significant gradient. However, Diaz et al. (1991) found
evidence for a central depression in the S/O ratio in
NGC 5194. While the innermost Hii regions exhibit
somewhat depressed S/O (see Figure 6), this is likely a
result of underestimating the ionization correction factor
for sulfur due to the break down of the assumed tem-
perature structure in these very low ionization nebula.
Even though the N/O ratio is insensitive to changes in
temperature, the same is not necessarily true of S/O ra-
tio with relies upon an ionization correction factor that
depends on O+/O (Garnett 1989). Indeed, comparing
the ion ratio (S+ + S++)/(O+ + O++) to the ioniza-
tion correction factor indicates that these cool regions
have significantly underestimated the necessary correc-
tion factor as most of the power in [S iii] and [O iii] lines
has shifted to the infrared where lines are (a) not mea-
sured and (b) insensitive to temperature (Croxall et al.
2012). Furthermore, the N/O and O/H gradients do not
exhibit a similar central depression.
6. CONCLUSIONS
To gain a greater understanding of the chemical com-
position of spirals we have undertaken CHAOS, a spec-
troscopic study of several of the best studied nearby spi-
ral galaxies. Here we present data on one of these galax-
ies, NGC 5194, for which we have obtained high signal-
to-noise spectra for 59 Hii complexes. Out of these, 28
distinct Hii regions have detections of the temperature-
sensitive auroral lines [N ii] λ5755 or [S iii] λ6312, permit-
ting the derivation of a direct oxygen abundance. Using
semi-empirical methods, we determine N/O ratios for all
59 regions.
We confirm the findings of Bresolin et al. (2004) that
NGC 5194 has a roughly solar metallicity and a relatively
flat metallicity gradient. We present a robust metallic-
ity gradient with relatively small scatter between 0.06 <
R/R25 < 0.11. As temperature-sensitive lines are not
detected in the innermost part of NGC 5194, we co-add
spectra and measure a direct oxygen abundance to con-
firm the adopted linear abundance gradient.
We also establish a robust gradient in the N/O ratio
that is significantly steeper than the gradient in O/H.
This points to significantly enhanced secondary nitro-
gen production, ∼7.5 times more than primary nitrogen
production. In contrast we find no significant changes
in Ne/O, Ar/O, nor S/O across the disk of NGC 5194,
or even in comparison to metal poor dwarf galaxies
(Croxall et al. 2009). Rather, line ratios suggest that
the ionization correction factors typically employed for S
and Ar may become unreliable at very cool, T∼4500 K,
temperatures.
As spiral galaxies are dominant sites of star formation
in the Universe, significant effort has been given to under-
standing them and their evolution. One major aspect of
that evolutionary process is the chemical evolution that
occurs in the interstellar medium of these galaxies. How-
ever, most of our knowledge of the chemical make up of
massive galaxies can be summarily stated as metallic-
ity correlates with mass (Tremonti et al. 2004) and spi-
ral galaxies exhibit radial gradients (Pagel & Edmunds
1981). While this description of present day spiral galax-
ies is secure, it is only a first-order description of chem-
ical evolution. In order to understand the evolution of
galaxies we must obtain a more complete understanding
of chemical enrichment. Here we highlight the data be-
ing collected by the CHAOS study for NGC 5194. With
similar high quality spectra forthcoming for the rest of
the sample, we will be able to establish detailed chem-
ical abundance patterns for several nearby galaxies and
greatly improve our understanding of chemical enrich-
ment.
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